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Two Kinesin-like Kin I Family Proteins
in Fission Yeast Regulate the Establishment
of Metaphase and the Onset of Anaphase A
interfere with this accuracy would result in the appear-
ance of aneuploid or polyploid cells, which may lead
to cancerous transformation. Prometaphase is a key
period during which the spindles capture kinetochores
and a bivalent spindle is established. Once a pair of
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PO Box 123 sister kinetochores is associated with the spindle, sister
chromatids move to the equator of the two poles (meta-44 Lincoln’s Inn Fields
London WC2A 3PX phase). This “search and capture” process appears to
take place one by one in each pair of sister chromatids.United Kingdom
Only when all the pairs of sister chromatids are aligned
properly along the central metaphase plate does a set
of chromatids segregate toward opposite poles in a highlySummary
harmonious fashion (anaphase A) [1]. Mad2-dependent
spindle assembly checkpoint operates to monitor eitherBackground: Metaphase is thought to be a force-equi-
librium state of “tug of war,” in which poleward forces the state of kinetochore attachment to spindle microtu-
bules or tension from forces generated by bivalent at-are pulling kinetochores and counteracting the cohesive
forces between the centromeres. Unlike conventional tachment, thereby preventing precocious segregation
of sister chromatids [2].kinesins, members of the Kin I family are microtubule-
depolymerizing enzymes, which are expected to be mol- One simple model that explains why bivalent spindles
are maintained in a structurally stable manner at theecules that could generate poleward forces.
spindle equator during metaphase is that two opposing
but balanced forces are operational. One force is derivedResults: We have characterized mitotic roles of two Kin
I homologs, Klp5 and Klp6, in fission yeast. Klp5 and from sister chromatid cohesion, which acts as a glue
and is required for the attachment of sister chromatidsKlp6 colocalize to the mitotic kinetochores and the spin-
dle midzone. These two proteins form a heterocomplex, to each other. The counteracting force is thought to be
generated at the kinetochores or poles and is coupledbut not a homocomplex. Albeit not essential, both pro-
teins are required for accurate chromosome segregation to microtubule depolymerization [3]. Cohesion is lost at
the end of metaphase when a cohesin subunit (Scc1/and normal morphology of interphase microtubules.
Time-lapse live analysis using GFP--tubulin indicates Rad21) is proteolytically cleaved by a specific protease
called separase (Esp1/Cut1). Normally, separase re-that these mutants spend a much longer time (2-fold)
in mitosis before the initiation of anaphase B. Further mains inactive by binding to its regulatory subunit, sec-
urin (Pds1/Cut2), until the onset of anaphase A, when it isobservation using kinetochore and centromere markers
shows that, in these mutants, sister centromeres move degraded abruptly by the anaphase-promoting complex
(APC/C) [4].back and forth between the two poles, indicating that
entry into anaphase A is delayed. This is supported by Compared to our understanding of cohesion, current
knowledge of this opposing force still remains elusive.live image analysis showing that Cut2 securin is retained
during the prolonged mitosis. Furthermore, the mitotic At least in yeast, there is evidence suggesting that de-
polymerizing activity at mitotic kinetochores, but not atextension is dependent upon the Mad2 spindle check-
point. the poles, plays a major role in poleward forces [5, 6].
There are several molecules reported that might be in-
volved in this force-generating process. One such candi-Conclusions: We discuss two models of Kin I function
in fission yeast. One proposes that Klp5 and Klp6 are date is Kin I/MCAK kinesin-related protein. Although this
subfamily, like other kinesin subgroups, is conservedrequired for efficient capturing of kinetochores by the
spindles, while the other proposes that they are required throughout evolution [7–10], unlike other kinesins, the
existence of microtubule-based motor activity of Kin Ito generate tension upon kinetochore capturing. Kin I,
has been unresolved [7, 11]. What is unique in this sub-therefore, plays a fundamental role in the establishment
family is its microtubule-depolymerizing activity andof metaphase, probably by generating poleward forces
also its localization on mitotic centromeres [7, 12, 13].at the kinetochores.
This raises the possibility that Kin I might play a specific
role in producing poleward forces that are dependentIntroduction
upon microtubule depolymerization. This could counter-
act the cohesive forces during metaphase.Sister chromatid segregation at mitosis is a fundamental
In fission yeast, the mitotic phases are divided intoprocess that ensures the maintenance of genome integ-
three stages based on spindle length and dynamics [6,rity during successive cell divisions. Any conditions that
14]. Phase 1 is equivalent to prophase, during which
the spindle elongates until the two spindle pole bodies1Correspondence: toda@cancer.org.uk
(SPBs) have separated to the opposite sides of the nu-2 Present address: Centro de Biologı´a Molecular “Severo Ochoa”,
cleus. Phase 2 corresponds to prometaphase to ana-Universidad Auto´noma de Madrid, 28049 Cantoblanco, Madrid,
Spain. phase A, during which spindle length remains constant
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Figure 1. klp5 and klp6 Deletion Mutants Dis-
play Longer Cytoplasmic Microtubules and
Show Mitotic Defects
(A) The appearance of long cytoplasmic mi-
crotubules. Interphase cells of wild-type and
klp5 mutant cells were stained with anti-
-tubulin antibody and were observed with
confocal microscopy.
(B) Increased frequency of mitotic cells. Ex-
ponentially growing cells were fixed and pro-
cessed for immunofluorescence microscopy
using anti--tubulin antibody. The percent-
age of cells that contain a mitotic spindle is
shown in each strain. At least 200 cells were
counted in each case.
(C) The loss of minichromosome. klp5 cells
containing minichromosomes, which had
been grown in minimal medium without ade-
nine (selective conditions for minichromo-
somes), were plated on rich media plates and
were incubated at 30C for 4 days. Colonies
of the adenine auxotroph are red (often sec-
tored).
(D) The appearance of lagging chromosomes.
Wild-type, klp5, or klp6 cells containing
integrated nmt81-GFP-swi6 [17] were
stained with DAPI and were viewed by fluo-
rescence microscopy. Merged images are
shown on the right-hand side, with GFP-Swi6
in green and DAPI in red. The scale bar repre-
sents 10 m.
between the two poles. Phase 3 is anaphase B, during copy using anti--tubulin antibody in exponentially
growing cells showed interphase cells displaying abnor-which the length of pole-to-pole spindles elongates. In
the present study, we have addressed how phase 2 is mally elongated microtubules (approximately 20% of
total cells), sometimes having an oval morphology,coordinated at the molecular level in fission yeast. We
have characterized the mitotic roles of Kin I homologs around the cell end (Figure 1A). This type of microtubule
morphology is never observed in wild-type cells. In addi-(Klp5 and Klp6) and have shown that they are required
for progression through prometaphase and metaphase. tion to defects in cytoplasmic microtubules, klp5 and
klp6 cells stayed in mitosis for a longer period, com-
pared to wild-type. Six percent of wild-type cells versusResults
12% of the mutants displayed mitotic spindles (Figure
1B).Deletion of the Kin I Homologs, klp5 and klp6,
Given the prolonged mitosis in klp mutants, we ad-Results in Prolonged Mitosis and a High Rate
dressed whether or not Klp5 and Klp6 are involved inof Chromosome Loss
the fidelity of chromosome segregation. A chromosomeA database search for potential homologs of the Kin I
loss assay using a nonessential minichromosome [16]family in the entire genome sequence (The Sanger Cen-
indicated that klp5 cells showed an increased rate oftre, Hixton, UK) revealed that fission yeast possesses
chromosome loss (9.2  102 loss per division, Figuretwo members, which are named Klp5 and Klp6 (kinesin-
1C). A similar rate of chromosome loss was also ob-like protein). Both proteins show 38% identity to human
served in both klp6 and klp5klp6 mutants (data notKin I/MCAK or Xenopus XKCM1 (56% if conservative
shown). Consistent with this, microscopic examinationreplacement is considered) and have 50% identity and
of anaphase cells, using DAPI and GFP-Swi6, a marker69% similarity between them. The closest member in
for heterochromatic regions [17, 18], showed a signifi-budding yeast is Kip3, which is the only Kin I homolog
cant proportion of cells (10%–20% of anaphase cells)in this yeast [10].
that display lagging chromosomes (Figure 1D). TheseAs a first step to address in vivo roles of these pro-
results showed that the Kin I members in fission yeast,teins, gene disruption was performed. Both single klp5
albeit nonessential, play an important role in the forma-and klp6 deletions and the double klp5klp6 deletion were
tion of interphase microtubules, mitotic progression,viable, though cells were, on average, 20% longer. Con-
and accurate chromosome segregation.sistent with previous results from Xenopus XKCM1 and
budding yeast Kip3, which function to destabilize micro-
tubules [7, 8], and also with results reported recently Klp5 Localizes to Cytoplasmic Microtubules,
Mitotic Spindles, and the Spindle Midzone[15], cells deleted for klp5 and/or klp6 were highly
resistant to microtubule-destabilizing drugs (Figure S1, In order to examine the cellular localization of Klp5 and
Klp6, green fluorescent protein (GFP) was fused to thesee the Supplementary Material available with this arti-
cle online). In line with this, immunofluorescence micros- C terminus of Klp5 and Klp6 encoded by chromosomal
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Figure 2. The Cellular Localization of Klp5
(A) Colocalization between Klp5 and mitotic spindles. A klp5-GFP strain was grown, and immunofluorescence microscopy was performed.
Triple staining using DAPI (left), anti--tubulin antibody (the second panel), and Klp5-GFP (the third panel) is shown together with merged
images (right, DAPI in blue, tubulin in red, and Klp5-GFP in green).
(B) Localization of Klp5 during the cell cycle. A confocal microscope was used. Representative images from interphase (1), early mitosis (2),
early anaphase (3), and late anaphase (4) are shown.
(C) Live image analysis of Klp5-GFP during mitosis. Time-lapse imaging of Klp5-GFP was performed using a conventional fluorescence
microscope with 1-min intervals (shown in the upper right-hand corner).
(D) Live image of Klp5-GFP at anaphase. Live cells were stained simultaneously with Hoechst 33342 (red) and Klp5-GFP (green). The scale
bar represents 10 m.
genes under endogenous promoters. GFP tagging (and it localizes along cytoplasmic microtubules, while in mi-
tosis it translocates to the spindle (before anaphase)any of the tags described below) did not interfere with
protein function, as strains containing Klp5-GFP or Klp6- and becomes enriched in the spindle midzone (after
anaphase).GFP did not show any mitotic defects or increased resis-
tance to thiabendazole. Signals from Klp5-GFP and
Klp6-GFP were essentially overlapping. In mid-mitosis, Klp5 and Klp6 Colocalize and Form
a Complex in the CellGFP staining was seen along mitotic spindles (Figure
2A). In order to examine Klp5 localization during the cell The nonadditive phenotype of the klp5klp6 double mu-
tant (see Figure 1B) suggests that these two proteinscycle more precisely, confocal microscopy was used to
observe microtubules and Klp5-GFP. As shown in Figure act sequentially in a linear pathway or function together.
To address this question, we first examined the colocali-2B, during interphase, Klp5 localized to cytoplasmic mi-
crotubules as discrete dots (panel 1), while at mitosis, zation between Klp5 and Klp6. As shown in Figure 3A,
signals from both Klp5-GFP and Klp6-HA were largely,it localized to mitotic spindles in a punctate pattern
(panels 2 and 3). Upon entry into anaphase, as spindles if not completely, overlapping and were seen in the mid-
zone of an anaphase cell. Klp5-GFP and Klp6-3HA alsoelongate further, most of the protein dissociated from
the spindles but was retained in their central regions colocalized throughout the whole cell cycle (data not
shown).(panel 4, note that not only anaphase spindles but also
medial rings [19] are evident in this cell). Thus, colocalization raised the possibility that these
two molecules may act together as a complex. To ad-In order to follow the in vivo dynamics of Klp5 and
Klp6 localization on the mitotic spindle in detail, time- dress this, a doubly tagged haploid strain, which con-
tained Klp5-Myc and Klp6-HA, was constructed,and im-lapse live imaging of Klp5-GFP was performed. As
shown in Figure 2C, Klp5-GFP was observed along the munoprecipitation was performed. As shown in Figure
3B, Klp5-Myc and Klp6-HA were coprecipitated withmitotic spindle in a discontinuous pattern, as in fixed
images (see Figure 2B). Then, Klp5 was enriched in the anti-HA or anti-Myc antibody in a reciprocal fashion
(lanes 9 and 15). However, due to the low efficiency ofmedial region of the spindle, the midzone (Figure 2D).
Thus, Klp5 (and also Klp6, see below) shows dynamic the pull down (lanes 7 and 13, S stand for supernatants
after immunoprecipitation), the extent of complex for-localization during the cell cycle such that in interphase
Role of Kin I Homologs in Metaphase
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Figure 3. Klp5 and Klp6 Colocalize and Form a Heterocomplex
(A) Colocalization between Klp5 and Klp6. Exponentially growing cells of a doubly tagged strain (Klp5-GFP Klp6-3HA) were fixed and processed
for immunofluorescence microscopy. Samples were stained with anti-HA, GFP, and DAPI. In the merged image, red for Klp6-HA, green for
Klp5-GFP, and blue for DAPI are used. The scale bar represents 10 m.
(B) Physical interaction between Klp5 and Klp6. Cell extracts were prepared from a singly tagged strain with Klp5-Myc (lanes 1–3 in the upper
panel), Klp6-HA (the lower panel), a doubly tagged strain (Klp5-13Myc Klp6-3HA, denoted as , lanes 4–15), and a nontagged control strain
(shown as ). Immunoprecipitation was performed with either anti-HA or anti-Myc antibody as indicated. Precipitated proteins (P, lanes 3, 8,
9, 14, and 15) were detected with anti-Myc or anti-HA antibody (shown as Klp5-Myc or Klp6-HA on the right-hand side). Total extracts used
for immunoprecipitation were also run (lanes 1, 4, 5, 10, and 11). Supernatant fractions after immunoprecipitation (S, lanes 2, 6, 7, 12, and
13) were run together with total proteins (10 g extracts, corresponding to 1/50 of the amount used for immunoprecipitation).
(C) Lack of homodimerization of Klp6. A diploid containing Klp6-HA and Klp6-PK (lanes 2 and 4) was constructed, and immunoprecipitation
was performed as in (B). Anti-Pk antibody was used for primary antibodies, and precipitated proteins were detected with anti-Pk and anti-
HA antibodies.
mation between these two proteins remains to be deter- and the XMAP215/TOG homolog Dis1 [20, 21]. In order to
mined. Control experiments using singly tagged strains address the localization of Klp5 and Klp6 at metaphase,
showed that Klp5-Myc did not precipitate in a Klp5- Klp5-GFP was analyzed in a temperature-sensitive
Myc strain by anti-HA antibody, and, similarly, anti-Myc nuc2-663 mutant (defective in the Apc3/Cdc27 homo-
antibody did not pull down Klp6-HA in Klp5-Myc (lanes log), which arrests in metaphase [22]. When this mutant
3). Next, whether or not Klp6 by itself forms homodimers is incubated at 36C, a dotted pattern of Klp5-GFP was
was addressed. To this end, a diploid, in which two seen, with some cells clearly showing three dots (Figure
klp6 genes were differentially tagged by HA and Pk 4A). These dots were likely to correspond to the kineto-
epitopes (Klp6-HA/Klp6-PK), was constructed. While chores of the three chromosomes. Furthermore, double
Klp6-PK immunoprecipitated with anti-Pk antibody, no staining of a strain containing Klp5-GFP and a kineto-
Klp6-HA coprecipitated (lane 4, Figure 3C). Thus, Klp5 chore marker, Nuf2-CFP [23–25], clearly showed colo-
and Klp6 form a heterocomplex, but at least Klp6 does calization of these two proteins (Figure 4B). These re-
not form homodimers. In vertebrates, on the other hand, sults supported the notion that Klp5 and Klp6 localize
it has been shown that both MCAK and KIF2 form homo- to the mitotic kinetochores.
dimers [11, 12]. To substantiate mitotic kinetochore localization, ChIP
(chromatin immunoprecipitation) was performed. Sam-
ples were prepared from nuc2-arrested cells at the re-Klp5 and Klp6 Localize to the Kinetochore
strictive temperature. ChIP was then performed usingat Metaphase
various primers corresponding to centromeric regionsThe discontinuous pattern of Klp5 and Klp6 localization
[26]. As a negative control, primers derived from thealong mitotic spindles resembles that of kinetochore-
associated proteins such as the core component Mis6 noncentromeric region (fbp1) were also used. Klp5 was
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tagged with 13Myc epitopes. PCR analysis showed that
Klp5 is bound to the outer repeats of the centromeres
(otr, Figure 4C). A weak signal was also detected in
exponentially growing cells at 26C, when only 5%–6%
of the cells are in mitosis. Next, we addressed whether or
not this kinetochore localization of Klp5 requires intact
spindles. ChIP was repeated in the presence of a micro-
tubule-destabilizing drug, thiabendazole (TBZ). It was
found that Klp5 no longer interacted with the centro-
meres (Figure 4C, TBZ). This is further supported by
immunofluorescence microscopy in these TBZ-treated
nuc2 mutants, in which Klp5-GFP disappeared from the
kinetochores (Figure 4D). The treatment with TBZ did
not disrupt overall kinetochore structures, as a core
component of the kinetochore, Mis6 [20], was still capa-
ble of binding centromeres as efficiently as in the ab-
sence of this drug (TBZ and TBZ). Furthermore, an
interaction between Klp5 and the centromere does not
take place via microtubules, as ChIP using anti--tubulin
antibody did not precipitate centromeric DNA. Taken
together, these results indicate that Klp5 and Klp6 local-
ize along mitotic spindles and also to the kinetochores in
a mitosis-specific and microtubule-dependent manner.
Overproduction of Klp5 and Klp6 Results in
Alterations of Mitotic Spindle Morphology and
Dissociation of Spindles from the Kinetochores
In order to address the consequence of constitutive
overproduction of Klp5 and Klp6, strains were created in
which the strong thiamine-repressible nmt1 promoter
was integrated into the chromosomal klp5 or klp6
locus just prior to the start codon. Both single and simul-
taneous overproductions of these two proteins led to a
toxic effect, where colonies failed to form in the absence
of thiamine (derepressed conditions, Figure 5A).
Defective phenotypes were further examined in liquid
cultures. Both single and double overproduction strains
showed basically the same abnormalities, severe chro-
mosome segregation defects. After 14 hr of induction
of Klp5, virtually all cells displayed defects in sister chro-
matid segregation (Figure 5B), examples of which are
Figure 4. Klp5 Localizes to the Mitotic Kinetochores
shown in Figure 5C. The most evident phenotype was
(A) Klp5 localization in mitotically arrested cells. Temperature-sensi- three condensed chromosomes, which were displaced
tive nuc2-663 mutants containing klp5-GFP were incubated at 36C
from the center of the cell. Staining with anti--tubulinfor 3 hr, fixed, and processed for immunofluorescence microscopy
antibody in these cells showed that the spindles areusing anti--tubulin and anti-Sad1 (the SPB marker) antibodies. The
merged image was prepared with red for tubulin, green for Klp5- often unevenly distributed in the cell. It appears that the
GFP, and blue for Sad1. The enlarged image of three Klp5-GFP dots interaction between the mitotic spindle and kineto-
(2.5-fold magnification) is shown in the upper right corner. chores is compromised in these strains.
(B) Colocalization of Klp5 and Nuf2 in metaphase cells. A doubly Consistent with this, Mad2, which localizes to unat-
tagged strain (Klp5-GFP Nuf2-CFP) was grown in rich medium and
tached kinetochores when the spindle assembly check-fixed, and mitotic cells were observed with GFP, CFP, and DAPI.
point is activated [26], was observed as specific nuclear(C) Association of Klp5 with the centromeric DNA. ChIP was per-
formed in nuc2-663-arrested cells containing integrated klp5- dots (Figure 5D). This strongly suggested that overpro-
13myc or a strain containing mis6-13myc. nuc2-663 cells were duction of Klp5 or Klp6 activates the Mad2-dependent
incubated at 26C or at 36C for 3 hr as indicated, while 32C was checkpoint. In fact, overproduction of either Klp5 or Klp6
used for a Mis6-Myc strain. In the case of the experiment using in mad2 mutants results in lethal “cut” cells, because
thiabendazole, TBZ (100 g/ml) was added, and cultures were incu-
cytokinesis occurs in the absence of chromosome seg-bated for an additional 30 min. Cultures were then fixed with 1%
formaldehyde, and cell extracts were prepared. Upon immunopre-
cipitation with anti-Myc or anti--tubulin antibody, PCR was per-
formed with a pair of primers corresponding to the centromeric
cnt, imr, or otr regions [26] or the noncentromeric fbp1 gene. A (D) Dependency of kinetochore localization of Klp5 upon spindles.
schematic diagram showing the centromeric region of chromosome nuc2-663-arrested cells in (A) were treated with TBZ (100 g/ml),
I is also shown together with the sites (vertical lines) amplified and, after 15 min, cells were processed for immunofluorescence
by PCR. microscopy. The scale bar represents 10 m.
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Figure 5. Overproduction of Klp5 and Klp6 Results in Compromised Mitotic Spindles with Chromosome Segregation Defects
(A) Toxicity of the overproduction of Klp5 and Klp6 either singly or in combinations. Four strains containing various combinations of nmt1-
klp5 and nmt1-klp6 were streaked on plates in the absence (thi) or presence (thi) of thiamine and were incubated for 3 days at 30C.
(B) Defects in the mitotic spindle and chromosome segregation. Cells containing integrated nmt1-klp5 were grown in the absence (thi) or
presence (thi) of thiamine and were processed for immunofluorescence microscopy. The percentage of cells that showed missegregated
chromosomes was counted at each time point.
(C) Representative cells (after 14 hr of induction) that showed missegregated chromosomes and abnormal spindles are shown.
(D) Klp5-overproducing cell (after 10 hr of induction), which showed Mad2-GFP dots to the kinetochores, is shown with DAPI and merged
images. The scale bar represents 10 m.
regation (N.K., M.A.G., and T.T., unpublished data). respectively). From these analyses, we conclude that
the primary defect is due to an increase in some periodThese results indicate that overproduction of Klp5, Klp6,
or both causes lethality by preventing the interaction of from prometaphase to the end of anaphase and that
there is not a delay in prophase.the mitotic spindle with the kinetochore.
In klp5 and klp6 Mutants, the Duration from klp5 Mutants Do Not Pause at Metaphase
We next examined which stage is extended in klp mu-Prometaphase to Anaphase Is Extended
Given the prolonged mitosis associated with chromo- tants. There are four possibilities. The first possibility is
that the mutant cells pause at metaphase. The secondsome segregation defects, we then sought to address
which step in mitosis is delayed in klp mutants. In fission possibility is that the duration of prometaphase (until
the establishment of the metaphase plate) is delayed,yeast, based on spindle length, the mitotic phase is
divided into three distinct stages, phase 1 (prophase), and the third possibility is that anaphase A is prolonged.
Finally, the fourth possibility is a prolonged anaphasephase 2 (prometaphase to anaphase A), and phase 3
(anaphase B) [14]. In order to visualize mitotic spindle B. To differentiate between these possibilities, the fol-
lowing three experiments were performed. First, we ob-behavior in individual cells, microtubules were stained
with GFP in live cells using integrated nmt1-GFP-atb2 served kinetochore behavior in these mutants. This anal-
ysis should determine the timing of entry into anaphase(encoding 2-tubulin) in the presence of thiamine [26].
Consistent with previously published results [14], in B, as the kinetochore would colocalize to the SPB after
the onset of anaphase B. Furthermore, this experimentwild-type cells, we observed relatively short phases 1
and 2 (until 116 s and from 116 to 347 s in Figure 6A, should also distinguish the first from the second/third
possibilities, as the former predicts that the kineto-respectively) and a longer phase 3 (after 347 s). By paral-
lel live imaging in mutant cells, we noticed that single chores would stay in the middle of the pole-to-pole spin-
dle, while the latter two possibilities predict that theand double mutants progress slowly through phases 2
and/or 3. Two representative examples are shown in kinetochores would move and be displaced from the
center. To visualize the kinetochores, a kinetochoreFigures 6B (klp6) and 6C (klp5). In these serial images,
either phase 2 or phase 3 was clearly extended in both marker, Mis6, was tagged with GFP [20] in the klp mu-
tants. In addition, in order to define spindle length, themutants (from 196 s and 256 s in Figures 6B and 6C,
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Figure 6. klp5 and klp6 Mutants Show Delay in Mitosis Corresponding to the Phase from Prometaphase to Anaphase A
(A–C) Visualization of spindle dynamics in wild-type and klp mutants. Strains ([A], wild-type; [B], klp6; [C], klp5) containing integrated nmt1-
GFP-atb2 (2-tubulin) were grown at room temperature (25C), and time lapse live analysis of mitotic spindles was performed under confocal
microscopy. The numbers in the upper right-hand corner show time (seconds). The scale bar represents 10 m.
(D) Time course showing changes of spindle length. Data from (A)–(C) are shown (wild-type in black circles, klp5 in red squares, and klp6
in blue triangles).
SPB was simultaneously marked with Cut12-GFP [27]. the kinetochores by the SPBs upon completion of ana-
phase A. This result demonstrated that phase 3 takesAlthough these two marker proteins are tagged with the
same GFP, it has been shown that the location of these place with normal kinetics in klp mutants.
Second, in order to visualize the centromere of a singletwo proteins during phase 2 is distinct and does not
overlap until entry into phase 3 [20, 27]. chromosome, the centromere region of chromosome I
was marked with GFP in klp5 mutants using the LacO-Live image analysis in klp5 showed clearly that the
kinetochores (viewed as multiple dots) move back and GFP-LacI system (Cen-GFP) [14, 28]. Behavior of this
centromere during phase 2 was observed simultane-forth between each pole (until 22 min in Figure 7A; for
clarity, the Mis6-GFP signals are shown in red, while the ously with Cut12-GFP. As shown in Figure 7B, mainly
two Cen-GFP dots (arrows) were observed between twoperipheral Cut12 dots are shown in yellow). This result
indicated that klp5 mutants do not pause at metaphase; distal Cut12 spots. These images again show that the
centromeres do not stay at the spindle equator andinstead, either the establishment of metaphase is de-
layed or the duration of anaphase A is extended. It therefore confirmed that klp5 mutants do not pause at
metaphase. Based on the above results, the duration ofshould be noted that these live images showed that,
after 23 min (Figure 7A), when anaphase B has just phase 2 in klp mutants was measured using the data of
Figures 6B and 6C. As shown in Table 1, the averagestarted, internal Mis6-GFP signals simultaneously dis-
appeared. This is probably because of the capture of period in phase 2 was 13.5 min (klp5) and 11.8 min
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Figure 7. klp5 Mutants Do Not Pause at Metaphase
(A) Time-lapse analysis of kinetochores and SPBs. klp5 mutants containing Mis6-GFP and Cut12-GFP (the kinetochore and SPB marker,
respectively) were grown at room temperature (25C), and live imaging was performed under a conventional fluorescence microscope. The
numbers in the lower right-hand corner show the time (minutes). For clarity, peripheral SPB signals from Cut12-GFP are shown in yellow,
while internal signals from Mis6-GFP are shown in red.
(B) Mitotic behavior of centromeric DNA. Wild-type (left) or klp5 mutants (right) containing centromere-marked GFP (cen1-LacO GFP-LacI-
NLS, arrows) and Cut12-GFP were grown at room temperature, fixed, and observed under fluorescence microscopy. Representative GFP
signals in mitotic cells are shown. The scale bar represents 10 m.
(klp6), more than 2-fold longer than wild-type cells. Klp5 and Klp6 Are Required for the Establishment
of Metaphase in Concert with the TimelyIt should be noted that, although we referred to the
Destruction of Securinprolonged phase in klp mutants as phase 2, unlike wild-
The third experiment was designed to specifically distin-type, spindle length was in fact often increased in a
guish whether klp mutants are defective in the establish-discontinuous manner, before the onset of phase 3; as
ment of metaphase or in the duration of anaphase A.a result, spindle length in phase 2 in klp mutants was
These two possibilities can be distinguished by the pres-longer than in wild-type (Table 1).
ence or absence of securin, which is required for sister
chromatid cohesion via the inhibition of separase [4]. If
Table 1. Duration of Mitotic Phases and Spindle Length in the defect is in the establishment of metaphase, securin
Phase 2 should remain at a high level, while it should disappear if
anaphase A has been triggered. In fission yeast, securinMitotic Phases (min) Phase 1 Phase 2 Phase 3
(Cut2) localizes to mitotic spindles during mitosis [29],
wild-type 3.1  0.7 6.5  1.2 13.7  11
and then upon entry into anaphase A, it is degraded byklp5 3.9  1.1 13.5  1.8 14.4  1.8
the anaphase-promoting complex (APC/C) [4]. GFP wasklp6 3.4  0.5 11.8  1.3 12.4  1.6
fused to the C terminus of the chromosomal cut2 gene
Spindle Length at Phase 2 (m)
in wild-type and klp5 mutants together with Cut12-GFP,
wild-type 2.1  0.38 and live imaging was performed. In wild-type cells, as
klp5 4.2  0.56 shown in Figure 8A (the left panels), Cut2-GFP signals
klp6 3.8  0.60 were observed along mitotic spindles in phase 2 (until
The average duration (min) of mitotic phases and the length (m) 17 min) and then disappeared upon entry into phase 3
of spindles are shown with standard deviations. Ten independent (27 min).
samples were observed with live imaging analysis in each strain. Having established the dynamics of securin during
The duration of each phase is determined as follows. Phase 1 is mitosis in wild-type cells, similar live analysis was per-defined as the period from the beginning of live images, when the
formed in the klp5 mutant. As shown in Figure 8A (thespindle starts to elongate, until the time point when spindle length
middle panels), during prolonged phase 2, Cut2-GFPbecomes constant (for more than 4 min, see Figures 6D and 7A).
was clearly retained on the spindles (until 31 min, arrowPhase 3 is defined as the period when the final elongation of spindles
takes place until the end of live images. Phase 2 is the duration of at 27 min). Upon entry into phase 3 (33 min), it disap-
time between phase 1 and phase 3. In wild-type, the spindle length peared suddenly (see Figure 8B for quantitation presen-
of phase 2 is constant, while it is often increased in klp5 and klp6 tation). This analysis was performed at a lower tempera-
mutants (see the text).
ture (20C), which prolonged the duration of mitotic
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Figure 8. Klp5 Controls the Timing of Securin Destruction in a Mad2-Dependent Manner
(A) Time-lapse analysis of securin (Cut2) destruction. Wild-type, klp5, or klp5mad2 strains containing Cut2-GFP were grown at a lower
temperature (20C) and were observed under a conventional fluorescence microscope. The numbers in the upper right-hand corner show
time (minutes). Cut2-GFP localized to mitotic spindles are visible until 17 (wild-type and klp5mad2) or 31 min (marked with arrow at 27
min). The scale bar represents 10 m.
(B) Time course changes of Cut2-GFP signals. Data from (A) are shown (wild-type in black squares, klp5 in red circles, and klp6 mad2 in
blue triangles). Note that the timing of Cut2 destruction is delayed for 10 min in klp5 mutants, while, in double mutants of klp5mad2, this
delay is abolished.
phases, as compared to the data from previous experi- Discussion
ments (performed at 25C, Figures 6 and 7). Nonethe-
In this study, we characterize two fission yeast Kin Iless, the result clearly indicated that Klp5 (and Klp6) is
required for timely destruction of securin, and, in its homologs, particularly focusing on their mitotic roles.
Our data indicate that these two proteins are requiredabsence, the mutants show delayed degradation of sec-
urin, which resulted in a delay of entry into anaphase A. for normal mitotic progression and play a crucial role in
accurate chromosome segregation and genome stabil-
ity. We show that, in their absence, the transition from
prometaphase to anaphase A is severely delayed. AsDelay in the Establishment of Metaphase
discussed below, a role for the Kin1 family betweenIs Mad2 Dependent
yeast and vertebrates appears to be more conservedThe biological function of phase 2 is defined as the
than first thought from the phenotypic appearances [7,period during which bipolarity of the mitotic spindle is
8, 12, 30].established. In eukaryotic cells, this process is moni-
tored by a surveillance mechanism called the spindle
assembly checkpoint [2]. We next asked whether the
delay observed in klp mutants is dependent upon this Role of Klp5 and Klp6 in the Establishment of
Metaphase and the Onset of Anaphase A:checkpoint. klp5mad2 double mutants were con-
structed, and live image analysis was performed with Capture or Tension
Time-lapse live image analysis has pinpointed an un-Cut2-GFP together with Cut12-GFP as described above.
We found that the kinetics of spindle behavior and deg- equivocal mitotic defect in klp mutants, in which the
duration between prometaphase and anaphase A is spe-radation of Cut2 in the double mutant are indistinguish-
able from wild-type (Figure 8A, the right panels). Phase cifically extended. Why does this happen? We show that
mutants do not pause at metaphase. Instead, analysis2 delay in the absence of Klp5 function was completely
abolished in the simultaneous deletion of Mad2, though using Cut2-GFP shows that the onset of anaphase A,
which coincides with securin destruction, is delayed.spindle length is still longer than wild-type (Figure 8B).
This result showed that the Mad2-mediated spindle The defect is, therefore, a delay in the establishment of
metaphase, resulting in a delay in the onset of ana-checkpoint is responsible for the delay in the establish-
ment of metaphase in klp mutants. phase A.
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619
during both interphase and mitosis, as in vertebrates [7,
8, 12, 30].
We have shown that Klp5 and Klp6 are enriched at
the spindle midzone during anaphase. When sister chro-
matids segregate with a long spindle, these two proteins
are retained in the middle of the spindle. Interestingly,
similar localization is reported for Kip3 [32], though the
significance of this localization remains to be deter-
mined.
Conservation of Kin I Function in Mitosis
We show that klp mutants are more resistant to microtu-
bule-depolymerizing drugs than wild-type cells. Further-
more, these mutants display long and curved cyto-
plasmic microtubules during interphase and elongated
Figure 9. Two Possible Models of Mitotic Defects in klp5/6 Mutants
spindles upon entry into anaphase A. Also, overproduc-
(A) Klp5 and Klp6 are required for efficient capturing of sister kineto-
tion of Klp5 and Klp6 results in mitotic spindle defects,chores during prometaphase. As spindles that capture one kineto-
particularly the impairment of the interaction betweenchore of sister chromatids continue to polymerize, spindles emanat-
the spindle and the kinetochore. These data are consis-ing from the opposite pole have difficulty capturing sister
kinetochores. tent with those reported for MCAK [12] and support
(B) Klp5 and Klp6 are required for the generation of poleward forces the notion that Kin I acts as a microtubule-destabilizing
during metaphase. In the absence of Klp5/6, although both sister factor, probably at the plus end of microtubules and the
kinetochores are captured by spindles, tension, which should be
kinetochore, as proposed in higher eukaryotes [8, 12].produced between Klp5/6 and cohesin, is absent. Arrows indicate
Klp5/6 and MCAK might share not only biochemicalthe direction of microtubule polymerization (the plus end).
activity but also biological function; as with Klp5 and
Klp6, either expression of dominant-negative MCAK or
There are two possible models for this extension in immunodepletion of MCAK interferes with chromosome
klp mutants. First, the capture of the kinetochores by segregation at anaphase and results in the appearance
the spindle is delayed. Or, second, both sister kineto- of a lagging chromosome [12].
chores are captured, but the tension, normally gener- Klp5 and Klp6 interact physically, and possibly form a
ated from mitotic forces by bivalent attachment, is com- heterodimer, but not a homodimer. Unlike MCAK, which
promised (Figure 9). Either possibility predicts that acts as a homodimer but is functional as a monomer as
Mad2-dependent checkpoint is activated in the mutant well [33], the interaction between Klp5 and Klp6 appears
[1, 31]. Indeed, this is the case, as mad2klp5 double to be crucial for their normal function. This is consistent
mutants no longer display the delay. The crucial differ- with the nonadditive phenotypes of the mutants. It
ence between these two situations would be whether should be noted that longer metaphase spindles were
or not individual kinetochores are attached by spindles. also described for mutations in core kinetochore com-
At present, as far as we know, there is no definite way ponents in fission yeast such as Mis6 and Mis12 [34].
to examine whether or not spindles are attached to indi- At present, a functional relationship between Klp5/6 and
vidual kinetochores in yeast. Mis6/12 remains to be addressed.
We have attempted to examine Mad2 localization in Like fission yeast, budding yeast kip3 mutants are
klp mutants, but, so far, we are unable to detect Mad2 also resistant to microtubule-destabilizing drugs [32,
signals at the kinetochores in the prolonged phase 2 35]. However, while Klp5 and Klp6 regulate the time
(M.A.G. and T.T., unpublished data). Thus, at present, between prometaphase and metaphase, Kip3 controls
although we do not have a conclusive answer, we prefer the duration of anaphase [30]. This could be due to
to speculate that Klp5 and Klp6 are required to produce functional differences between Kip3 and Klp5/6. Alter-
tension after capturing kinetochores by spindles. This natively, given the possible reversion of the order of
is consistent with the idea that Klp5 and Klp6 are force- anaphase A and B in budding yeast, in which anaphase
generating microtubule-destabilizing enzymes located B may occur prior to anaphase A [36, 37], it is possible
on mitotic kinetochores during metaphase. It is of note that, in both yeasts, Kin I regulates the timing of the
that, in the klp mutant, a Mad2-dependent delay is tran- onset of anaphase A. Therefore, it appears that Kip3
sient, suggesting that other systems could compensate and Klp5/6 play an analogous role in mitosis between
for the loss of Klp5/6 function eventually. these distantly related organisms. It is of note that, al-
though its onset is delayed, once triggered, anaphase
Alterations of the Cellular Localization A takes place normally in klp mutants. This suggests
of Klp5 and Klp6 that Klp5 and Klp6 are not responsible for microtubule
We have highlighted the dynamic localization of Klp5 depolymerization at anaphase A. How, then, MCAK and
and Klp6 during the entire cell cycle, along cytoplasmic XKCM1 are involved in anaphase A is a significant ques-
microtubules in interphase, at the mitotic kinetochores tion to be answered.
during prometaphase and metaphase, and at the spindle
midzone in anaphase and telophase. This localization Conclusions
pattern, in particular to the plus ends, suggests that We have shown that the fission yeast Kin I homologs,
Klp5 and Klp6, localize to mitotic kinetochores and playKlp5 and Klp6 regulate microtubule dynamics in general
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